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REINFORCING BARS
1. Foreword—Special anchorages for the ends of reinforcing 
bars are almost universally used in reinforced concrete construc­
tion. I t  is interesting to note th a t they  were a feature of the 
earliest designs. Thaddeus H yatt, in his beam tests of 1876 and 
1877, used anchorages.* The test beams which he found to have 
the greatest strength  had flat main bars which were bent up at 
righ t angles at the ends—a crude form of anchorage th a t  is still 
occasionally seen. F ixed to the main bars were vertical risers 
with small plates attached to their ends. They would now be 
called stirrups, and the plates provided special anchorage for 
them.
Thaddeus H y a t t ’s beam designs were based upon a ra th e r hazy 
notion regarding the combined action of the two materials, yet 
he hit surprisingly close to the design of today. The problem of 
apportioning the main reinforcing and the stirrups has yielded 
to a rational analysis tha t has proven fa irly  satisfactory, and has 
been generally accepted by the profession. There has not, how­
ever, been a corresponding amount of progress on the problem of 
design of anchorages. The anchorages in use today range from 
the simple sharp right-angle bend to the spirally reinforced hook 
of European practice. That efficient anchorages contribute much 
to the ultim ate strength  of a beam is generally accepted, but there 
is still little conclusive evidence as to w hat is the best form of 
anchorage.
There are two quite different uses for anchorages. In  one, the 
anchorage must carry  the entire working load of the bar. The 
main reinforcing bars of a cantilever bracket, those in the cor­
ners of a continuous frame, and those in the tie rods and vertical 
hangers of bowstring arches furnish examples. The other, and 
more common use, is for the ends of the main bars in beams. In
* Thaddeus H yatt, “ An Account of Some Experiments with Portland- 
Cement-Conerete Combined with Iron as a Building Material with reference 
to Economy of Metal in Construction and for Security against F ire  in the 
making of Roofs, Floors, and Walking Surfaces. ’ ’ London. 1877.
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this case the anchorage carries only a p a r t  of the working load 
of the bar, the greatest stress in which is near its center. In  
either case it is im portant th a t  the anchorage carry  its load with 
as little slip as possible. I f  the anchorage is to be used at the 
end of a hanger in an arch, excessive slip would allow cracks to 
open u p ; if in a beam, excessive slip would not let the anchorage 
assume any appreciable load until afte r the beam was at the 
point of failure from other causes.
Comparisons of anchorages must take into account not only 
the ultim ate load, but simultaneous values of load and slip. The 
most effective anchorage for use in a beam is the one having the 
least slip for loads up to the yield point of the bar. I t  does not 
m atter greatly w hether or not the anchorage is able to develop 
the ultimate strength  of the bar, since th a t  high a stress is never 
reached at the ends of the bar. This is im portant, however, in 
selecting the type of anchorage for a hanger. The working load 
does not stress the bar past its yield point, but ability of the 
anchorage to carry  a load as high as the ultim ate load of the bar, 
even though with considerable slip, provides an ex tra  margin of 
safety.
2. Object and scope of the investigation—In  tests made by 
the w riter at the University of Illinois in 1927, which were re ­
ported  by Professor T. D. Mylrea in his paper presented before 
the American Concrete Institu te  in 1928,* a technique of testing 
pull-out specimens was developed th a t gave a continuous record 
of simultaneous values of load and slip for a point on the bar 
near the loaded end of the anchorage. This enabled direct com­
parisons of different anchorages to be made, free from the a t ­
tendant phenomena which cause difficulty in in terpreting  the 
results of beam tests. The tests indicated th a t the larger the 
diameter of the hook, up to twelve times tha t of the bar, the higher 
the ultimate load, and the less the slip at all loads up to and in­
cluding the ultimate. Hooks of this diam eter did not split the 
concrete, while smaller ones did. Spirally reinforcing the hooks 
raised the ultim ate load in proportion to the amount of spiral 
reinforcement, but resulted in greater slip at interm ediate loads.
The object of the present investigation was to find an anchor­
* T. I). Mylrea, ‘  ‘ The Carrying Capacity of Semicircular Hooks, ’ ’ Proceed­
ings of the American Concrete Institute, 1928.
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age giving the high ultim ate values of the spirally reinforced 
hooks, but w ithout their tendency tow ard excessive slip. The 
first series of tests, made in 1930 and 1931, investigated anchor­
ages having a g reater radius of curvature th an  those tested at 
Illinois. The inform ation gained from these tests suggested the 
1932' tests on stra igh t embedments of the specially .roughened 
bars, which gave results th a t  are believed to constitute a satis­
factory  answer to the problem.
3. Acknowledgments—The investigation was conducted by 
the w riter under the auspices of the Departm ent of Civil E ngi­
neering at the S tate University of Iowa. The facilities, most of 
the materials, and the student assistants were furnished by the 
D epartm ent of Civil Engineering and the Departm ent of Me­
chanics and Hydraulics, both in the College of Engineering of 
the State University of Iowa. Professor B. J . Lam bert is head 
of the Departm ent of Civil Engineering, Professor S. M. W ood­
w ard of the Departm ent of Mechanics and H ydraulics and Dean 
C. C. Williams of the College of Engineering. The w riter wishes 
to express his appreciation to them for encouragement and help 
given; also to certain of his colleagues and students for their 
help during the progress of the investigation. Thanks are also 
due the In land  Steel Company, the Paper Tube Company of 
Chicago, and the River Products Company of Iowa City, for ma­
terials donated.
4. Design of test specimens—The specimens were all made of 
one-half or five-eighths inch diameter high-carbon steel bars, cast 
in concrete blocks which were nine inches square and approx­
imately two feet long. A few of the specimens were cast in blocks 
six inches wide instead of nine. The length was varied an inch 
or so either way, when necessary, to allow for differences in the 
height of the exposed portion of the bar. The proportion of size 
of bar to the size of the enclosing concrete specimen was chosen 
as representing closely w hat is common in reinforced concrete 
construction. The large size of specimen was inconvenient, and 
the casting and testing of 127 specimens entailed much more 
labor than  would have been necessary had smaller specimens 
been used. This was considered to be labor well spent, however, 
as the uncertain ty  of in terpretation  of results from testing very 
large bars in small blocks of concrete, or bars th a t  are too small, 
was thus avoided.
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Fig. 1 Cut-away section showing the interior of a typical specimen.
I t  does not necessarily follow th a t the proportions used are 
ideal. Duff Abrams found th a t un it values of ultim ate bond 
stress are about the same for different sizes of bars, increasing 
slightly as the diam eter of the bar decreases, %-inch diameter
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bars giving about 15 per cent higher values than  114-inch bars.* 
This shows th a t there is a t least a slight error in using the 
results of tests on small bars to predict w hat larger bars will do. 
I t  would be w orth while, if facilities were available, to repeat 
certain of the tests of this investigation on a larger scale.
The specimen was made long to avoid the wedging action tha t
* Duff Abrams, ‘  ‘ Tests of Bond between Concrete and Steel, ’  ’ Illinois E n ­
gineering Experiment Station, Bulletin No. 71.
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occurs in short pull-out specimens, especially those in which the 
bearing area closely surrounds the bar. The method of loading 
the specimens fu r th e r obviated this possibility, giving a stress 
condition around the hook very similar to th a t at the end of a 
simple beam with overhang. If  the typical specimen illustrated 
in Fig. 1 be turned  90 degrees clockwise the similarity will be 
apparent. The specimen holder required to give reactions at the 
proper locations is shown in Pig. 2.
Fig. 3 Detail of slip-wirc fastening.
Pigs. 1 and 3 illustrate the method of attaching the slip-measur­
ing wire. This wire is attached to the bar by drilling a hole the 
size of the wire, inserting the wire, and peening the bar close to 
the wire with a blunt center-punch. The wire is then bent to its 
proper direction. I t  is protected from the concrete by a small 
glass or rubber tube of less than  y8 inch diameter. The portion of 
the wire where it tu rns and enters the bar is not protected by the 
tube, but by a piece of plastic adhesive gum which is stuck to the 
bar, sealing the end of the tube, and providing for three or four 
tenths of an inch movement of the bar relative to the surrounding 
concrete. The area of bar covered by the gum was usually less 
than  a ten th  of a square inch, or about one per cent of the to tal 
exposed area. The gum used—ordinary chicle—was very satis­
factory, as it adhered tenaciously to the bar while the forms were 
being filled, and remained soft in the specimen until long after 
the tests were made. The tendency of the protecting tube to
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weaken the concrete was negligible, as the cracks th a t formed in 
some of the specimens never followed the line of the tube, al­
though they were necessarily in the same general plane.
The slip wire and its tube projected through a hole in the 
forms. A fter the forms were stripped the tube was pulled or 
broken off, and the wire cut so th a t  it  projected about an inch 
from the surface of the concrete. W hen ready for testing, an 
Ames dial, carried by a heavy tripod, was placed on top of the
Fig. 4 M easuring dial and tripod on specimen, a t completion of test.
specimen. Its  plunger was placed over the wire so th a t any 
movement of the wire was read directly on the Dial. These read­
ings, estimated to a ten-thousandth of an inch during the first part 
of the test, were assumed to represent the actual slip of the bar at 
the point where the wire was attached. They are evidently in error 
by the amount of the deflection of the concrete and any bending or 
sticking of the wire. The deformation of the concrete between 
the point where the wire is fixed and the top of the block could 
not have been appreciable because of the great area of concrete 
and the small un it stress th a t could exist at the top of the speci­
men. The tripod in Fig. 1 is shown at an exaggerated distance 
from the Dial. Actually, it was placed much closer, as shown in 
Fig. 4. The wire cantilevered out from the bar such a small dis­
tance, and the gum was so soft, th a t  the error due to bending of 
the wire was very slight. An opportunity  to check this was af­
forded by the tests on stra igh t embedments, where two dials were
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used. The second one, referred to later as Dial No. 2, was sup­
ported on the same tripod, and measured the slip of the free end 
of the bar, which was exposed a t the top of the specimen. Occa­
sionally the slip wire stuck, in which event the fact was evident, 
and was noted.
The design called for enclosing the lower portion of the bar in 
a frictionless sheath. This portion of the bar was given three 
heavy coats of paraffin in the 1930 tests. This did not supply 
the degree of protection desired, as small specimens made to test 
the paraffin sheath were erratic, sometimes resisting a surpris­
ingly high load. The 1931 and 1932 specimens were protected 
by a heavy cardboard tube of slightly larger diam eter th an  the 
bar. They proved entirely satisfactory, as the bar could be pulled 
out w ith the bare hands.
The 1930 tests were planned to determine the load-slip curves 
of hooks of larger diameter than  twelve times th a t  of the bar. 
In  order th a t the results might be comparable, the embedded 
length of bar, measured along the centerline, was made the same 
in every case. In  the 1927 tests a three inch length of straight 
bar was included below the point of tangency a t the loaded end 
of the hook, the slip being measured at the point of tangency. I t  
did not seem to be necessary to have so long a stra igh t portion, 
and in planning the 1930 tests the stra igh t portion was made only 
D/2 inches long. I t  might be argued th a t since hooks alone were 
being tested, this portion of straight bar should be eliminated 
altogether. Reasons for not doing so are that unequal side pres­
sures are caused in the straight portion due to the curved por­
tion above, and should be considered as an effect of the hook; 
also th a t it would be verj^ difficult to get the slip measurements 
right at the end of the sheath.
The larger hooks, having the same length of embedded bar as 
the smaller hooks, did not include a complete semi-circular b e n d ; 
nevertheless the hook is referred  to by the diam eter it  would 
have if the bend were continued on around. A 20d hook is one 
having a radius of bend (measured to the centerline of the bar) 
equal to 10 times the diam eter of the bar.
The hooks chosen for the 1930 tests were lOd, l id ,  12d, lSy2d, 
16d, 20d, 28d, and stra ight embedment. They are shown in Fig. 
5. These sizes cover the range of curvatures from lOd to straight 
embedment at about equal intervals. The embedded length mea-
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Fig. 5 Drawings of specimens.
For hooks, the exposed length of bar, measured along the  center- 
line from the sheath to the end of the hook, was 11 inches in all 
cases except the 12d hook -J- 1% inches and the 12d hook -f- 3 inches.
The dimensions of the enclosing block of concrete were the same 
as shown fo r the  lOd hook for all bu t a few specimens which were 
made 6 inches wide (perpendicular to  plane of hook).
All hook specimens were made w ith  %-inch diam eter bars.
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sured along the' centerline of the bar from the end of the sheath 
to the end of the bar was 11 inches, or 22 times its diameter, for 
all hooks of the 1930 series.
At the conclusion of the 1930 tests it was found th a t the varia ­
tions between the load-slip curves of hooks of the same radius 
were so great in proportion to the differences between those of 
different radii th a t comparisons could not well be made w ithout 
testing a much larger number of specimens to obtain a more ac-
Fig. 6 Rough-surfaced bars, of %-inch diameter.
(a) Commercial deformed bar (rust p itted ).
(b) P lain  round w ith  two rows of nicks made w ith  a b lunt cold 
chisel.
(c) P la in  round w ith four rowrs of nicks.
(d) P la in  round w ith  seven rows of nicks.
(e) Threaded bar.
curate average. Fortunately, it was also evident th a t so many 
sizes were not needed, and in the 1931 series additional specimens 
were cast and tested of the following sizes only: lOd, 12d, 16d, 
28d, and straight embedment. As the results of the 1930 series 
had been ra th e r disappointing with regard  to obtaining a high- 
strength  low-slip anchorage, a few specimens not in the above 
series of hooks were cast, n am ely : a 161/2-inch length of straight 
embedment of i/2-inch plain round bar, an 11-inch length of 
threaded y2-inch bar, and a 13%-inch length of stra igh t embed­
ment of %-inch plain round bar.
The results of the tests of the threaded bars showed them to 
give higher ultim ate loads, w ith less slip at all loads, than  any of
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the others. As threading would hardly  be practicable commer­
cially, tests were made in the 1932 series on stra igh t embedments 
of plain round %-inch bars th a t  had two, four, or seven rows of 
indentations made with a blunt cold chisel. Included in the 
series for comparison were specimens of ordinary commercial 
deformed bar. See Fig. 6. The 1932 series also included 12d 
hooks with a straight portion l 1/^ inch or 3 inches long on the 
free end, as well as 12d hooks similar to the 1930 and 1931 series 
for an additional control. They are shown on Fig. 5.
Note th a t for all specimens, both }/2-inch and %-inch, the point 
where the slip was measured was 3 diameters above the end of 
the sheath. The length of the embedment was 22 diameters, ex­
cept for the special 12d hooks of the 1932 series, and for one 
group of Vii-inch bar straight embedments, in which the length 
was 33 diameters.
The general policy in this investigation was to hold all the 
variables constant except the one being studied. Thus in the 1931 
hook series the embedments were of varying curvature, but all 
had the same length of embedment. I t  was desired to use con­
crete of the same ultim ate strength  for all specimens. The effect 
of variation in strength  of the concrete did not require investiga­
tion, since it has already been studied extensively in  connection 
with bond tests. The ultim ate bond strength  of concrete has 
been found to be roughly proportional to its ultim ate compressive 
strength, as is also the ultim ate tensile strength. Inasmuch as an 
anchorage fails from bond breakdown, crushing, or splitting of 
the concrete, it. seems reasonable to assume th a t the strength  of 
an anchorage will be roughly proportional to the ultim ate com­
pressive strength  of the concrete. I t  was necessary to assume 
tha t this is true over at least a narrow  range, in order to be able 
to correct for the variations in concrete strengths which resulted 
in spite of efforts to hold the strength  constant. Accordingly, the 
results of the pull-out tests have been reduced to a comparable 
basis by dividing loads by the value of /</, the average ultim ate 
compressive strength  of the control cylinders.
5. Concrete mixes—Keeping the strength  of the concrete con­
stan t from specimen to specimen is a difficult task. I t  was not 
possible to get the same aggregate each year, and the mix had 
to be redesigned several times. A constant amount of w ater was 
added to the weighed aggregates in the 1930 series. In  1931 w ater
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was added in amount necessary to bring the concrete to the de­
sired consistency, as measured by the slump test, This method 
did not give as uniform results as did the first, so in 1932 the 
constant weight of w ater method was again used. D uring the 
1932 series, newly purchased cement was found to be much 
stronger than  th a t  which had been in use. Changing cements 
without changing proportions caused a sudden increase in 
strength of control cylinders.
In  order to be able to correct for such changes, from three to 
five control cylinders were cast with each batch of. four speci­
mens. From the records of strengths of these control cylinders 
the probable ultim ate strength  of the concrete was computed. 
This ultimate strength, / e', which varied from one group of speci­
mens to another for the reasons enumerated above, was then used 
to reduce the data  to a comparable basis.
Crushed and screened gray limestone was used for coarse ag­
gregate, and Iowa River sand for fine aggregate, in all. of the 
specimens. The mix for the 1930 tests was, by volume, 1.00 part 
w ater to 1.00 p a r t  cement to 3.80 parts  sand to 2.86 parts  of 
crushed limestone of 14-inch maximum size. F or the 1931 tests 
it was 1.14 parts water to 1.00 part cement to 2.78 parts sand to 
3.93 parts crushed limestone grading from 14 inch to %  inch. 
The mix for the 1932 tests was 1.05 p arts  w ater to 1.00 p a r t  ce­
ment to 2.53 parts  sand to 3.96 p arts  crushed limestone grading 
from 1/4 inch to D/4 inch. The first batch or two of the 1930 and
1931 series departed slightly from the proportions given.
6. Preparation of the specimens—Concrete for the first four
1930 specimens was mixed by hand upon the level floor of the 
laboratory. The specimens were cast upright in wooden forms, 
and were cured under water. The wooden forms, although pain t­
ed with oil, absorbed w ater and w arped badly. Curing under 
w ater was not satisfactory as the slip wire1 rusted, making it 
likely to stick fast. F or the second four specimens the forms 
were lined with galvanized iron, and the specimens cast upright. 
They were cured in the d ry  air of the laboratory, which remained 
about constant in  tem perature and was thought to provide as 
nearly uniform curing conditions as could be obtained. The rest 
of the specimens of the 1930 series were cast in a horizontal posi­
tion, in the lined wooden forms. These forms were replaced by 
steel forms fo r the 1931 and 1932 tests. They were made of 9
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inch channels w ith wooden blocks for the ends. The bar and 
wire passed through the wooden blocks, which were covered with 
smooth ta r  paper. A layer of building felt placed upon the floor 
and covered w ith ta r  paper provided an almost w ater-tight bot­
tom for the forms.
Except for the first group of four specimens, all concrete was 
mixed in a small power mixer. Four or five batches were needed 
to pour four specimens with their control cylinders. The forms 
were always stripped the day afte r the specimens were cast. All 
were tested at 14 days age.
7. Conduct of the tests—The specimen was hoisted to the 
specimen holder, lined up, blocked in, and the grips set. A fter 
the Ames dial had been aligned w ith the wire and clamped, the 
load was applied by the 4 screw machine in low gear—about
0.05 inch per minute, w ithout any stops or pauses. In  the case 
of a few specimens for which the load was carried above the 
yield point of the bar, the machine was put in high gear afte r the 
yield point was reached. The operator called out the load at in ­
tervals of 200 or 400 pounds. The recorder read the Ames dial. 
W hen it became apparent th a t the bar was going to slip fast, 
with little change in load, the procedure was reversed ; the opera­
to r keeping the beam balanced and reading off the load to the 
recorder at equal intervals of slip, as called for by the recorder. 
An extra man was needed when stra igh t embedments were being 
tested.
I f  the load had been applied more slowly, or had been left on 
for a considerable length of time, the slips recorded would un ­
doubtedly have been greater, especially for the higher loads. 
However, all of the specimens were loaded at the same ra te  up to 
the yield point, hence the values of load and slip recorded form a 
safe basis for comparison.
A fter the bar had slipped 0.2 inch or more, the specimen was 
removed and broken up for examination. Any unusual defects 
were noted. The control cylinders were tested  in a 200,000- 
pound three-screw machine, at a speed of 0.1 inch per minute. 
The complete data  for the investigation are too voluminous for 
publication, but are available in copies of the report on file in 
the libraries of the University of Kansas and the S tate University 
of Iowa.
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8. Reduction of test data—In spite of the effort made to se­
cure uniform  results from all batches cast of the same mix, the 
ultim ate strength  of the cylinders of some of the batches average 
quite a bit higher or lower than  the general average. Computa­
tions of the probable error of a batch average showed th a t none 
of the variations were g reater than  would be expected to arise 
by chance, except for one batch of the 1931 series which was 
found to be excessively -stronger than  the general average. In  
this case there was already doubt, as the cylinders in question 
had been wet from melting snow during the curing period. The 
specimens which they accompanied did not even show average 
strength, so in averaging the results of the tests of the control 
cylinders, the strengths of this particu lar group were given only 
half the weight of the others. The following table gives the 
value of the ultim ate compressive strength  /</ used for each speci­
men.
Average ultimate compressive strengths of control cylinders
1930 Tests Lbs. per sq. in.
Specimens 1 to 4 2310
Specimens 5 to 8 ................................................ 2660
Specimens 9 to 4 7 ................................................ 1905
1931 Tests
Specimens 48 to 51 . 1810
Specimens 52 to 1 0 3 ...................................... 2250
1932 Tests
Specimens 104 to 1 1 0 ...................................... 1710
Specimens 111 to 1 1 5 ...................................... 2040
Specimens 116 to 1 2 7 ...................................... 2320
As explained before, the values of the load for the load-slip 
curves are reduced to a comparable basis by dividing by / c'. In  
order to be able to compare two different sizes of bar the load is 
also divided by the area of the bar. Therefore, instead of loads, 
values of
/ s unit tensile stress in bar
/o' ultim ate compressive stress of concrete
were p lotted to give the “ load-slip”  curve for each specimen, as 
shown on Figs. 7 to 14 inclusive. Readings were taken  up to slips 
of 0.2 inch, but the curves draw n extend only to 0.12 inch, except 
for the average curves shown on Fig. 15, which were obtained by
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Fig. 8 Load-slip curves for l i d  hooks.
averaging the ordinates of the curves for the individual speci­
mens. Some of the load-slip curves did not extend the full length 
of the abscissa. W here they extended a reasonable amount, say 
to a slip of 0.08 inch, they were assumed to continue parallel to 
the average. I t  was necessary to do this in order to avoid hav­
ing a sudden jum p in the average curve. I f  any curve did not 
extend fa r  enough to w arran t the above assumption it  was neg­
lected entirely in obtaining the average curve.
In  addition to the slip measurements l 1/^ inches above the 
loaded end of the embedment, slip measurements were also made 
at the free end of all straight embedments. The la tte r  furnish  an 
approximate check upon the former. In  the m ajority  of cases 
where failure by general slipping occurred, the slip measurement 
a t the free end would almost “ catch u p ”  w ith th a t  at the loaded 
end, the difference corresponding closely with the deformation of
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Fig. 10 Load-slip curvcs fo r 13%d hooks.
the bar between the two points. In  the case of an excessive dis­
crepancy, it was assumed th a t the slip wire had become stuck. I f  
the discrepancy occurred suddenly at a large slip, readings of 
Dial No. 2, which measured slip a t the free end, were used in 
place of readings of Dial No. 1 for p lotting the curve from tha t 
point on. I f  the discrepancy occurred a t early stages the curve 
was- discontinued. No similar check was possible on the hook 
specimens, but their wires were short and straight and less inac­
curacy would be expected.
9. Comparison of load-slip curves for hooks of different radii 
but the same length of embedment—In comparing the load-slip
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Fig. 12 Load-slip curves fo r 20d hooks.
curves for the hooks of different radii, the features common to all 
of the specimens of this series should be kept in mind. The em­
bedded length was eleven inches, 22 diameters, in every case. The 
slip was measured at the point of tangency, iy 2 inches above the 
end of the protecting sheath. See Fig. 5.
The plotted curves for this series are shown in Figs. 7 to 14, 
inclusive. The 1930 tests are shown by dashed lines and the 1931 
tests by solid lines. The paraffin sheaths used for the 1930 tests 
were not as efficient as the paper sheaths used for the 1931 and
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Slip of bar, in inches  
Fig. 13 Load-slip curves for 28d hooks.
Slip o f bar, in inches 
Fig. 14 Load-slip curves fo r s tra igh t embedments. Eleven inches of '/¡-inch 
diam eter plain round bar.
1932 tests, and for th a t reason the la ter tests might be entitled to 
more weight. In  averaging, however, all were given the same 
weight. The average curves are shown on Pig. 15.
W hen the results of the 1930 tests were plotted, it was seen 
th a t the variations between the results from identical specimens 
were so great th a t  they made the variations between different 
kinds of specimens ra th e r obscure. I t  was necessary, therefore, 
to cast more specimens, but the num ber of sizes was decreased. 
F or those sizes of which additional tests were made, the difference
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Slip o f bar, in inches  
Fig. 15 Comparison of load-slip curves fo r hooks.
between the average curves is distinct. I t  is believed th a t the 
following conclusions are obvious, from an inspection of Figs. 7 
to 15.
(1) The early load-slip ratio is greater the larger the radius 
of hook. The larger hooks carry greater loads until a slip of 
three or four hundredths of an inch is reached.
(2) At slips greater than  three or four hundredths of an 
inch the smaller hooks carry  greater loads than  do the larger 
hooks. In  this range the large hooks lose load as the slip in­
creases, while the small hooks pick up more load.
(3) Variability of results increases as the radius of bend 
increases, being greatest w ith the stra ight embedments. (The 
20d hooks seem to provide an exception. This must have been 
accidental; more specimens would undoubtedly verify the con­
clusion.)
(4) None of the hooks (or straight bar) w ith embedment 
of 22 diameters to tal length furnished a satisfactory anchorage 
in the concrete used. There was too great a variability and the 
strength  was insufficient.
A possible explanation of these results is as follows. The re ­
sistance of the bar to being w ithdraw n results chiefly from fric ­
tion and adhesion, the la tte r  ceasing to exist afte r the bar has 
broken loose along its entire length. F riction is dependent upon 
normal pressure, and adhesion is undoubtedly affected by normal 
pressure. F or the straight embedment the normal pressure is 
caused by shrinkage of the concrete and is present over the en­
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tire surface, while for the hooks the norm al pressure is caused 
p artly  by shrinkage and partly  by pressure on the inside of the 
bend, due to the load. As the load on a curved embedment in­
creases the pressure on the inside of the bend increases and th a t 
on the outside of the bend decreases. The unequal distribution of 
unit pressure between the inside and outside of the bend is re ­
sponsible for the earlier breakdown of adhesion and consequent 
poorer initial load-slip ratio for the hooks, the effect becoming 
worse the smaller the radius of curvature.
The pressure on the bar resulting from shrinkage is subject to 
variation from specimen to specimen, while th a t on the inside of 
the bend from the load is nearly  constant for a given radius and 
load. This accounts for the greater variability  of the straight 
embedments and the larger radius hooks. A fter adhesion has 
been broken over the entire length of the bar, the stra ight em­
bedment has lost the main p a r t  of its strength  and fails rapidly. 
The hook loses load af te r  all adhesion is broken, bu t recovers 
when the unit pressure due to pulling the hook around the bend 
becomes so great that friction alone furnishes considerable re­
sistance. The smaller the radius of the hook, the more noticeable 
this effect. See Fig. 15.
A test of the reasonableness of this explanation is afforded by 
the Dial No. 2 data  available for the stra igh t embedments. Dial 
No. 2, a t the free end, should begin to show motion when Dial 
No. 1, 3 diameters of the bar above the loaded end, has moved 
about 0.01 inch. See Fig. 14. Examination of the data shows 
th a t while Dial No. 2 always registered slow movements of less 
than  0.001 inch before Dial No. 1 had reached 0.01 inch, it began 
to move rapidly  thereafter, indicating complete breaking down 
of adhesion.
A comparison which shows the necessity for the large number 
of specimens may be made between the variability  of the residts 
of the compression of the control cylinders and th a t of one of the 
sets of load-slip curves, say the straight embedments. The prob­
able error of the strength  of a single control cylinder was close to 
8 per cent of the average strength. The probable error of the 
load on a straight embedment, at a slip of one hundredth  of an 
inch, was approximately 24 per cent of the average. In  research 
w ork on concrete mixes the variability of the strengths of cylin­
ders has been bothersome, necessitating a large num ber of speci­
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mens. Here the variability in results is as much as three times 
as great, in the extreme case chosen. However, the expense of 
easting the large specimens put a limit on their number.
The fact tha t such great discrepancies are found between speci­
mens made and cast in as nearly as possible the same manner 
suggests that other factors than those studied may have caused 
the differences observed between the various hooks. This would 
be expected if a different mix had been used for each batch of 
specimens. I t  is true, however, th a t for the lOd, 12d, 16d, and 
28d hooks and the stra igh t embedments, the to tal number of 
specimens averaged includes about a constant proportion of 
specimens from each mix. The reason tha t the average curves 
for the l i d ,  1 3 ^ d  and 20d hooks do not fall in line with the 
others is partly  because they represent a smaller number of speci­
mens, and partly  because they include no specimens cast of the
1931 mixes.
I t  is seen tha t size and kind of aggregate, mix, and many other 
factors do have an effect, and must be eliminated as fa r  as pos­
sible when comparative studies of hooks are being made. In  
drawing conclusions regarding the relative value of large and 
small hooks it must be admitted that a change of aggregate or 
mix or some other factor might give different comparative re ­
sults, but it does not seem reasonable th a t the results woidd be 
fa r  different. Note especially th a t w ith the length of embedment 
used in this series none of the specimens developed a high enough 
load to be considered a desirable anchorage.
10. Comparison of load-slip curves for 12d hooks with differ­
ent lengths of straight bar on the free end of the hook—A special 
series of 12d hooks was cast to obtain a comparison with the 
tests made at the University of Illinois in 1927. They are shown 
in Fig. 5. The 1927 hooks were identical with the 12d -|- iy 2 
inch hooks except th a t they had a 3 inch portion of straight em­
bedment a t the loaded end instead of 1 inches, and tha t they 
had a second dial measuring the slip at the point of tangency 
near the free end. The fact th a t  the first slip measuring wire 
was 3 inches away from the sheath instead of iy 2 inches away 
shoixld cause a steeper load-slip ratio to obtain in the 1927 tests. 
Such was indeed the case, as can be seen in Fig. 16, which shows 
a comparison of the load-slip curves for the different 12d hooks. 
The results of the 1932 tests also indicate th a t benefit is derived
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from a straight portion on the free end of the hook. This is in 
contradiction of the conclusion reached by the w riter from the 
results of the 1927 tests, where the fact th a t the free end of the 
hook did not move until the ultimate load was almost reached 
was taken  to indicate th a t the stra ight portion did not aid in 
carrying the load.
Slip o f bar. in inches 
Fig. 16 Comparison of load-slip curves for different 12d hooks.
W hy did not the 12d hook -f- iy 2 inches or the 12d hook -j- 3 
inches reach the high values of the 1927 tests? W hy did the
1932 series of 12d hooks all test higher than  the average of the 
1930 and 1931 tests? Variations in the aggregates may account 
for the discrepancies. In  the 1927 tests the coarse aggregate was 
a hard  gravel. In  the 1930 and 1931 tests it was soft gray lime­
stone, with no particles over % inch. In  the 1932 tests the same
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limestone was used, but the grading was coarser, w ith  stones up 
to 114 inches. While it was disappointing to get such low values 
in the 1930 and 1931 tests, the discordant results were probably 
fortunate, since they revealed th a t the high values obtained for 
12d hooks in the 1927 tests were abnormal. Although some of 
the special hooks of this series carried high ultim ate loads, they 
could hardly  be considered desirable anchorages because of the 
great slip at such loads. Two of the load-slip curves shown in 
Fig. 9 differ greatly from the others. The erratic shape of the 
one for specimen No. 5 is due to some defect in the action of the 
slip measuring wire, which was stuck at the beginning of the test 
and did not break loose until the load had reached about one- 
th ird  of the maximum for the other specimens. The ultimate 
load, which is of course correct even though the slip measure­
ments are not, is almost as high as th a t  carried by specimen No.
1. These two specimens differed greatly from all the other 12d 
hooks, carrying higher loads in proportion to the other hooks of 
the same mix th an  did the 1932 12d hooks -(- iy 2 inches and 3 
inches in proportion to the 1932 12d hooks. Some unknown ele­
ment entered to increase the friction af te r  adhesion was de­
stroyed.
11. Comparison of load-slip curves for straight embedments—
The results of the hook tests did not promise a satisfactory an­
swer to the problem of finding an ideal anchorage. The straight 
embedments and the large hooks would s ta r t  picking up load 
rapidly  with but little slip, but before any very great load had 
been reached they would break loose and pull out at a much low­
er load. Moreover, the large diam eter hook specimens showed 
the greatest variation. The small diam eter hooks gave more con­
sistent results, but their chief draw back was a low load-slip ratio 
at small slips. As a high initial load-slip ratio is of greatest im­
portance, it seemed th a t a fu r the r study of stra ight embedments 
offered the best chance of finding a high-strength low-slip anchor­
age. Tests were made in 1931 of an 11-inch embedment of 
inch threaded bar, a 1614-inch embedment of ^2-inch plain round 
bar, and a 13%-inch embedment of %-inch plain round bar. The 
results of these tests, together w ith some of the 1932 tests, are 
shown on Figs. 17 and 18. Fig. 17 shows the 11-inch threaded 
specimens to furnish exactly what is desired—the ability to 
pick up a high load with but very little  slip and hard ly  any varia-
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Slip o f bar, in inches
Fig. 17 Comparison of load-slip curves for s tra igh t embedments of % 'inch 
diameter bars.
tion between different specimens. All four specimens carried a 
load of 20 fg/fc' with less than five thousandths of an inch slip. 
(20 f s/ fe corresponds to a bar stress of 40,000 lbs. per sq. in., in 
concrete having an ultimate compressive strength of 2,000 lbs. 
per sq. in.) Three of the specimens failed by general slipping, 
accompanied by a longitudinal crack. Failure in the fourth  speci­
men was by tension at a point 1%  inch above the loaded end, and 
is of especial interest because it was found, on dissecting the 
specimen, tha t adhesion had not been broken for a distance of 
2% inches from the free end. Yet just before failure, Dial No. 2 
read 0.0009 inch, which must have represented the deflection of 
the concrete surrounding the bar.
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Slip of bar, in inches
Fig. 18 Comparison of load-slip curves for 13%-inch s tra igh t embedments 
of %-ineh diameter bars.
The 16i/2-inch plain round embedments, on the same figure, 
show nothing of importance, except th a t  the load-slip curve is 
steeper than  for the 11-inch plain round embedments from almost 
the beginning. Q uantitative comparisons are of no value as 
there were not enough of the 16^-inch  embedments to establish 
a sufficiently accurate average.
As the threaded embedments gave the best results obtained up 
to the time of the completion of the 1931 tests, a series of tests of 
rough-surfaced bars was planned for the 1932 tests. The size 
used had to be %-inch, as no ^ - in c h  commercial deformed bars 
were available. This series included: (a) commercial deformed
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bars; (b) plain rounds w ith two rows of nicks made w ith a blunt 
cold-chisel; (c) plain rounds with four rows of nicks; (d) plain 
rounds w ith seven rows of nicks; (e) threaded bars. See Fig. 6. 
The commercial deformed bars were ru sty  when purchased. A f­
ter cleaning, the surface was found to be pitted, so that the bars 
were rougher than  the usual run  of commercial bars.
Fig. 18 shows the results of the test of these bars. All of the 
rough bars are superior to the plain round bars. The early load- 
slip ratio of the commercial deformed bars and of the plain 
rounds with two rows of nicks is about the same. A fter reach­
ing a load of 20 / s/ / c' the plain rounds w ith two rows of nicks 
lost load rapidly, one so fast th a t slip readings could not be 
taken. The deformed bars continued to pick up load until fa il­
ure, which occurred afte r very large slip, and which was accom­
panied by a large crack.
The plain rounds with four and seven rows of nicks and the 
threaded bars picked up load at about the same ra te  during the 
first 0.01 inch of slip, a ra te  fully 50 per cent better than  th a t  for 
the commercial deformed bars. The plain rounds with four or 
seven rows of nicks continued to pick up load at a high load-slip 
ratio afte r the threaded  bars had failed w ith large slip, and 
reached ultim ate loads in the neighborhood of 30 f s/ f a'. F o r the 
2320-lb. concrete used, this load corresponded to about 70,000 lbs. 
per sq. in. tension in the steel, w ith an average bond stress of 
about 800 lbs. per sq. in. This tensile stress is well above the 
elastic limit of ordinary reinforcing steel.
The superiority of these nicked bars over .ordinary commercial 
deformed bars is probably greater th an  is indicated by Fig. 18, 
for the reason th a t the deformed bars tested were rust-pitted. I t  
is believed th a t a bar with small indentations could be produced 
commercially, though it might not resemble the hand made speci­
mens of this investigation. If  so, anchorage for the ends of bars 
in beams would seldom, if ever, be needed. Anchorages for the 
ends of bars in cantilevers and hangers could be simple straight 
embedments of about 22 diameters. Obviously a thorough investi­
gation of any new bar shape would be necessary before such 
short lengths of embedment could be considered satisfactory as 
anchorage for the full strength  of the bar.
The reasons for the superiority of the bars w ith small, close 
corrugations are obvious. The shearing and bearing stresses on
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the portions of the concrete th a t project in tow ards the bar 
should be balanced. In  the absence of information as to the rela­
tive strength  of concrete in enclosed bearing and shear, the best 
proportions of the corrugations can only be guessed at, but it 
does seem reasonable th a t  the area in shear should not be more 
than  four or five times the area in bearing, certainly not the ten  
or even tw enty times th a t the commercial bars now on the m arket 
provide. I f  a reasonable proportion between shearing area and 
bearing area is to be maintained, the bar must have small cor­
rugations, or the area of the bar will have to vary  along its 
length.
12. Conclusions—The conclusions concerning the anchorage 
value of large radius hooks have been stated on page 23, and since 
none of the hook specimens were entirely satisfactory as anchorages, 
these conclusions will not be summarized here. The most satisfac­
tory anchorage tested during the four years of investigation was a 
straight embedment of plain round bar, the surface of which had 
been roughened by rows of indentations made with a blunt cold 
chisel, as shown in Fig. 6, page 14, (c) or (d). A length of em­
bedment of only twenty-two times the diameter of the bar con­
sistently developed a bar stress of twenty times the ultimate com­
pressive stress of the concrete, with a slip of less than .01 inch 
at the loaded end. These bars were superior to ordinary com­
mercial deformed bars, both in ability to pick up load with little 
slip, and in ultimate carrying capacity. The essential difference 
between the ‘ ‘ roughened ’ ’ bars of these tests and ordinary deformed 
bars is in the size and frequency of the deformations, those on the 
commercial bars giving too high a bearing stress on the sides of 
the ridges in comparison with the shearing stress in the concrete 
between the ridges.
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